Introduction {#sec1}
============

Asphaltenes are complex heavy aromatic molecules contained in crude oil and composed of a polyaromatic core and aliphatic side chains.^[@ref1]−[@ref4]^ This dual morphology is reinforced by the presence of polar substituents in the core such as oxygen, nitrogen, and sulfur (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf) for elemental composition)^[@ref5]^ and the polarizable nature of the aromatic core.^[@ref6]^ These characteristics enable asphaltene molecules to take part in both polar and apolar interactions. As a consequence, they are considered surfactants and have a remarkable affinity for liquid interfaces^[@ref7]−[@ref10]^ and solid substrates.^[@ref11]−[@ref14]^ Their adsorption on the solid walls of pipes can lead to clogging, requiring costly interruption of production and, often, physical cleaning.^[@ref14]−[@ref16]^

In this study, we investigate the adsorption of a sample of asphaltenes on solid surfaces as a function of the type of interactions they can have with the substrate. A series of complementary experimental techniques enables the study of all the phases of adsorption from monolayer formation to long-term kinetics. The combination of these results with force spectroscopy measurements by AFM (Atomic Force Microscopy) gives further insight into the mechanism of asphaltene adsorption as a function of the physicochemical properties of the substrate.

Defined by their solubility in toluene and insolubility in *n*-alkanes,^[@ref1]^ asphaltenes exhibit a micellar behavior as their concentration increases.^[@ref18]^ At low concentration, asphaltene molecules of size around 1 nm are isolated and independent. As the concentration increases, their aromatic cores interact, leading to π--π stacking and the formation of nano-aggregates of about 2 nm in size. As the concentration further increases, the aliphatic side chains start interacting and clusters of these nano-aggregates of typical size 5--10 nm appear.^[@ref18],[@ref19]^ Here, we focus on the single-molecule regime using a model solution of asphaltenes in pure toluene at a concentration of 50 mg/L, below the critical nano-aggregate concentration of 60 mg/L.^[@ref18]^ The adsorption of single molecules on solids has been extensively studied in other systems, such as proteins, to avoid biological contamination,^[@ref20]^ control fouling on cooking devices,^[@ref21]^ or even develop biocoatings in immunology.^[@ref22]^ Proteins, also known as surfactants in alimentary foams^[@ref23]^ and multiple biological situations,^[@ref24]^ could provide an analogy with asphaltenes as their molecular structure is usually described as a combination of hydrophilic polar parts and hydrophobic chains.^[@ref24],[@ref25]^ The adsorption of proteins on solids is partially controlled by the wetting properties of the surface,^[@ref26],[@ref27]^ an assertion which remains to be discussed in the case of asphaltenes.

Experimental Methods {#sec2}
====================

Asphaltenes {#sec2.1}
-----------

The asphaltenes used in this study were extracted from Cold Lake vacuum residue by dissolution in toluene and precipitation with *n*-heptane (C7-asphaltenes). The elemental composition of the sample studied here is available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf).

Silane Functionalization of Silicon Substrates {#sec2.2}
----------------------------------------------

To prepare the alkane-functionalized substrates, the silicon samples were coated with octadecyltrichlorosilane (Sigma-Aldrich) in the presence of a stoichiometric quantity of water emulsified in the toluene solvent. For the fluoroalkane substrate, the silicon samples were functionalized with 1*H*,1*H*,2*H*,2*H* perfluoro-octylsilane (Sigma-Aldrich) in the vapor phase for 4 h after plasma cleaning to activate the surface. The surfaces were then rinsed with acetone, isopropyl alcohol, and water before use.

Thiol Functionalization of Gold Surfaces {#sec2.3}
----------------------------------------

Gold surfaces were functionalized for quartz crystal microbalance (QCM) measurements and AFM measurements (probe functionalization). The thiols used were mercaptoethanol, decanethiol, and 1*H*,1*H*,2*H*,2*H* perfluorodecylthiol for the hydroxyl, alkane, and fluoroalkane functionalization, respectively. In each case, the gold surfaces were immersed in a solution of the thiol in ethanol at a concentration of 50 mM for 24--48 h. The surfaces were then rinsed with pure ethanol and water and allowed to dry before use.

Contact Angle Measurements {#sec2.4}
--------------------------

Contact angles were measured using a Ramé-Hart (model 500-F1) contact angle goniometer. Each pair of advancing and receding contact angle is obtained by sequentially infusing and removing liquid from a droplet on the surface and measuring the contact angle of the quasi-statically moving contact line. When contact angles are reported in this article, they are the average of a minimum of three measurements at different positions on each of the two separate samples to ensure reproducibility of the results.

Atomic Force Microscopy {#sec2.5}
-----------------------

Atomic force microscopy images were obtained using a Dimension 3100 atomic force microscope with the Nanoscope IV scanned probe controller in the tapping mode. The probes used were tapping mode pyramidal probes with a stiffness of ca. 40 N/m. The images reported here are representative of series of AFM images taken in different spots and on separate samples.

AFM Force Spectroscopy {#sec2.6}
----------------------

Atomic force spectroscopy measurements were obtained with an Asylum Research MFP-3D scanning probe microscope. The probes used were silicon nitride cantilevers with a gold-plated silicon dioxide spherical particle (5 μm) mounted at the tip and exhibited a stiffness of ca. 0.5 N/m. Before each measurement, the actual stiffness of the probe was measured by measuring its deflection on a glass substrate. Each adhesion force experiment is the result of 210 measurements on a 14 × 15 grid with each measurement separated by 4 μm. The resulting probability distribution function reported here shows the variability of the measurement.

Quartz Crystal Microbalance {#sec2.7}
---------------------------

QCM experiments were performed on a commercially available instrument from Biolin Scientific (QSense QCM-D, E4 flow cells). Hydrocarbon-resistant Kalrez o-rings were used in the flow cells. The injection flow rate was maintained at 401 μL/min using a peristaltic pump (Cole-Parmer). Solvent-resistant polyvinylchloride solva tubing (Cole-Parmer) was chosen for the peristaltic pump. Teflon inlet tubing and fittings were used as far as possible. The quartz sensors (Biolin Scientific) were physically vapor-deposited with gold. The root-mean-square roughness measured by AFM as reported by the manufacturer is 0.9 nm. The surface of the gold sensors was functionalized using thiol chemistry (see the [Supporting Information-2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf)). Prior to experiments, the sensors were rinsed in heptane and dried with nitrogen. During measurements, the pure solvent was first injected for 18--20 h to determine the solvent contribution to the total frequency shift. Subsequently, the asphaltene solution was injected for 48 h and the total frequency shift was measured. The experiments were performed using a flow-through setup. This measurement was replicated on independent samples to verify reproducibility.

Ellipsometry {#sec2.8}
------------

Film thickness measurements were conducted by ellipsometry using a Woollam spectroscopic ellipsometer (model XLS-100). The wavelength λ of the incident beam was varied from 400 to 1200 nm. The incident angle was kept constant at a value of 57°. The thickness of the coating of a functionalized substrate was obtained by assuming a Cauchy model and a refractive index of 1.45 and was found to be of the order of 3 nm ([Supporting Information-2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf)). The thickness of the adsorbed asphaltene layer was estimated by assuming a refractive index of 1.9, as recently estimated by Turgman-Cohen et al.^[@ref39]^ Each data point is obtained by averaging a minimum of three measurements on each of the two separate samples.

Results and Discussion {#sec3}
======================

Solid Adsorption {#sec3.1}
----------------

To study the influence of solid surface energy, we prepared smooth functionalized solids, specifically, silicon wafers coated with silanes^[@ref28]^ and gold coupons functionalized using thiol chemistry^[@ref29]^ (see the [Experimental Methods](#sec2){ref-type="other"}). The AFM images of the functionalized silicon substrate shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c demonstrate that the nanometric coating is extremely smooth. Indeed, the root-mean-square roughness *r* was measured to be ∼0.2 nm, on the order of the sensitivity of the AFM apparatus, for all functionalizations. We consider three types of functionalizations. First, as a polar, hydrophilic substrate, we study the native oxide layer on silicon wafers. In addition, two apolar hydrophobic functionalizations are investigated: an octylsilane, consisting of a straight hydrocarbon chain, and a fluorinated substrate with a perfluoroalkane of the same length.

Functionalized silicon substrates were immersed in an asphaltene solution for 48 h. After exposure to asphaltenes, the substrates were rinsed with toluene and dried with nitrogen before being imaged with AFM. The resulting surface topographies, shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--f, exhibit a significantly increased roughness (*r* \> 1 nm). On all three surfaces, noticeable patchiness is observed with grains around 10 nm in size. This change in morphology indicates that asphaltenes have adsorbed on all three functionalized solids. We investigated the resulting change in physicochemical properties by measuring the contact angles of water on each surface. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g, the advancing contact angle θ~a~ of water is reported before adsorption (τ = 0 h, in blue) and after 48 h in solution (in yellow). Initially, the functionalized substrates cover a large range of contact angles varying from 40° on the hydroxyl solid to 120° on the fluorinated substrate. After 48 h in the asphaltene solution, the advancing contact angle θ~a~ converges toward the same value on all substrates. This value, around 100°, is highlighted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g with a solid black line and is identical to the value obtained on a spin-coated layer of asphaltenes. Similarly, the receding contact angle θ~r~ of water, reported in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}h, while initially disparate, converges to an intermediate value of around 65°. Note, however, that the receding contact angle on the hydroxyl substrate is significantly smaller than that on the other substrates. Indeed, receding contact angles are known to be highly dependent on surface topographies,^[@ref30]^ and the layer of asphaltenes adsorbed on the hydroxyl substrate exhibited slightly different roughnesses compared to the other two (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--f). Crucially, both AFM and contact angles measurements demonstrate that asphaltenes are adsorbed on all solids, regardless of functionalization. After 48 h, the wetting homogeneity of the three substrates suggests complete coverage with asphaltenes.

![Characterizations of three functionalized substrates before and after asphaltene adsorption. AFM pictures of different functionalized substrates before and after asphaltene adsorption. Three functionalized substrates are studied before adsorption (τ = 0 h). A clean bare silicon wafer with hydroxyl groups (a), a silicon wafer grafted with an alkane chain of eight carbons (b), and a fluorinated surface (c) obtained after deposition of trichloro(1*H*,1*H*,2*H*,2*H*-perfluoroctyl)silane on a silicon wafer were used as smooth functionalized substrates (*r* ≈ 0.2 nm). The color bar scales from 0 to 12 nm. The size of every AFM picture represents a 1 μm by 1 μm square as better evidenced by the scale bar on the top right corner. After being immersed for a time τ = 48 h in a solution of asphaltenes in toluene, the hydroxyl (d), alkane (e), and fluorinated (f) substrates show a greater root-mean-square roughness (*r* ≈ 1.2 nm) reinforced by noticeable patchiness in the AFM pictures. The advancing θ~a~ (g) and receding θ~r~ (h) contact angles of water are compared on these three substrates before (τ = 0 h, blue) and after (τ = 48 h, yellow) adsorption. The solid line represents these contact angles for water on an asphaltene layer obtained by spin coating (100°).](la0c00029_0001){#fig1}

Monolayer Formation {#sec3.2}
-------------------

We use contact angle measurements to track the formation of the first monolayer on the functionalized solids. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the wetting transition for water from the original functionalized solids to asphaltene-covered substrates. The initial and final contact angles are similar to the ones shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g. The samples were placed in an asphaltene solution at a concentration of 50 mg/L in toluene and withdrawn regularly to measure the evolution of the contact angles of water ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), toluene ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), and heptane ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). After being withdrawn, they were rinsed with toluene and dried with a nitrogen gun. Then, the contact angles were measured with a goniometer. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c, each bar represents the advancing (top) and receding (bottom) contact angles, as sketched in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Each reported value is the average of a minimum of five measurements made in at least two different positions on the substrate. The error bar represents the standard deviation of the measurements. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, we observe that the advancing contact angle of water θ~a~ reaches a value of around 100° on all solids as expected. Similarly, the contact angles of heptane and toluene also converge to a common value on all substrates. Some deviations are observed on the receding contact angle θ~r~, which are attributed to the patchiness observed by AFM in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. After 10,000 s (about 3 h), the contact angles reach a steady state, except on the fluorinated substrate which experiences an increase in wetting with toluene and heptane, a possible consequence of long-term modifications in the monolayer, which will be discussed later. However, we interpret both the uniformity of the wetting on all three substrates and the steady state observed on contact angles after 10,000 s as the presence of a complete monolayer of asphaltenes. Any further adsorption of asphaltenes does not further modify the wetting property of the substrates.

![Monolayer formation of asphaltenes during adsorption on three functionalized substrates. (a) Advancing and receding contact angles of water on hydroxyl (top blue), alkane (red), and fluorinated (bottom green) coatings as a function of adsorption time *t*. (b) Advancing and receding contact angles of toluene on hydroxyl (top blue), alkane (red), and fluorinated (bottom green) coatings as a function of adsorption time *t*. (c) Advancing and receding contact angles of heptane on hydroxyl (top blue), alkane (red), and fluorinated (bottom green) coatings as a function of adsorption time *t*. (d) Sketch of the advancing and receding contact angles. (e) Estimation of solid energy of hydroxyl (blue circles), alkane (red squares), and fluorinated (green triangles) coatings during asphaltene adsorption for a time *t*.](la0c00029_0002){#fig2}

The evolution of the advancing and receding contact angles enables us to visualize the kinetics of the first monolayer formation. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the contact angles of water on the hydroxyl substrate (in blue) are strongly affected by asphaltene deposition as soon as 1 s after immersion. The advancing contact angle experiences a rapid increase to reach its final value. Deposition is also observed to be fast on fluorinated substrates (in green) where the receding contact angle changes significantly in the first few seconds. Conversely, the water contact angles remained stable on the alkane coating (in red) for about 1000 s. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows that the toluene contact angles also exhibit a difference between the initial kinetics of adsorption on fluorinated and alkane surfaces. We observe a transition after *t* = 1000 s from the initial physicochemistry of the alkane coating to a modified wetting state induced by asphaltene fouling. On the other hand, the receding contact angle of toluene of fluorinated substrates immediately becomes extremely low. These complementary results demonstrate that the kinetics of the monolayer formation is highly sensitive to the underlying chemical functionalization: fouling is fast on hydroxyl and fluorinated substrates, while it is delayed on an alkane substrate.

In addition, measuring the contact angles of water, toluene, and heptane allows us to derive the solid energy of the surfaces. Indeed, as described by Fowkes,^[@ref31]^ the solid--liquid interfacial energy γ~ls~ can be expressed as the sum of a polar component γ^AB^ including hydrogen-bonding and Lewis acid--basis^[@ref32]^ effects and an apolar part γ^LW^ denoted after Lifshitz--van der Waals.^[@ref32]^ The polar component can be further broken down into electron-acceptor γ^+^ and electron-donor γ^--^ parts,^[@ref33]^ such that the solid energy γ~s~ can be written as γ~s~ = γ^LW^ + .^[@ref34]^ Writing the solid--liquid interfacial energy in this form leads to a modified Young equation γ~l~(1 + cos θ~ls~) = 2( + + ), where γ~l~ is the surface tension of the liquid and θ~ls~ is the contact angle of the liquid on the solid. For a given substrate, we can measure the contact angle of three different liquids of known surface tension components to obtain three equations from which we can derive all three components of the solid surface energy γ~s~. The advancing contact angle was used in these derivations as it is considered a signature of the chemistry of a solid and leads to values of γ~s~ in good agreement with the literature for our native functionalizations.^[@ref35]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e shows the solid energy as a function of adsorption time. The solid line represents the solid energy of an asphaltene layer spin-coated on a wafer (θ~ls~ ≈ 100° and γ~s~ ≈ 28.5 mN/m). The solid energy of the hydroxyl substrate (in blue) decreases rapidly (1 s) from a high value (50 mN/m) to an intermediate value (around 28 mN/m) where it remains stable over the rest of the experiment. Similarly, the solid energy of the fluorinated substrate (in green) starts from a low value (highly apolar solid, γ~s~ ≈ 10 mN/m) and eventually reaches a value close to that of an asphaltene layer. Conversely, the solid energy of the alkane substrate does not change significantly over time. Indeed, the initial surface energy of the alkane substrate is close to the value of the solid energy of an asphaltene layer.

Combining these observations with the contact angle measurements on the different substrates, the initial adsorption of asphaltenes appears to be driven thermodynamically by the lowering of the solid--liquid interfacial energy. Indeed, the surfaces with a significant initial solid--liquid interfacial energy (hydroxyl and fluorinated) show the fastest initial kinetics, while the alkane substrate show a delayed adsorption which we attribute to the small interfacial energy between the substrate and the toluene solvent.

Long-Term Adsorption {#sec3.3}
--------------------

The long-term adsorption kinetics, beyond the monolayer formation, was also studied quantitatively using two complementary techniques. The QCM provides information about the added mass because of the adsorption of asphaltenes on a functionalized gold-coated quartz crystal (see the [Experimental Methods](#sec2){ref-type="other"}). By tracking the evolution of the resonant frequency *f* of the crystal as it is exposed to asphaltenes, the adsorbed mass *m* is estimated via the Sauerbrey equation^[@ref36],[@ref37]^ as a function of time. To speed up the adsorption and limit the frequency drift of the instrument during the experiment, the asphaltene solution used in this experiment was of a higher concentration (400 mg/L) in a mixed heptane--toluene (30--70 wt %) solvent. The solution was flown over the sensors (*Q* = 400 μL/min) for 8 h. Complementarily, we measure the thickness *h* of the asphaltene layer adsorbed on functionalized silicon substrates in static conditions exposed to a 50 mg/L solution in toluene using ellipsometry. On measuring the reflection of incident polarized light on a reflective substrate, a spectroscopic ellipsometer enables the determination of the refractive index of the material and the thickness of transparent layers (see the [Experimental Methods](#sec2){ref-type="other"}). The wavelength λ of the incident beam is varied from 400 to 1200 nm. The incident angle was kept constant at a value of 57°. To obtain baseline measurements and evaluate the effectiveness of the treatments, the functionalization coatings were studied first. Modeling the functionalized solid as a superposition of a 1 mm-thick layer of silicon providing reflectiveness and a layer of alkyl-silanes of thickness *h*~0~ and a refractive index of 1.45, we obtained the coating thickness *h*~0~ for the various substrates, detailed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf) and in good agreement with results previously reported in the literature.^[@ref28],[@ref38]^ The measured thickness of our coatings is a few nanometers, assuming a homogeneous coating. The visualization of the various coating by AFM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c) validates the uniformity of the film. The functionalized solids are then immersed in an asphaltene solution (50 mg/L in toluene) and withdrawn regularly. Once withdrawn, the samples are immediately rinsed in toluene and dried with a nitrogen gun. To study the effect of the rinsing process, we verified that immersing the samples in pure toluene for a time up to several hours does not affect the measured thickness of the adsorbed layer. The measurements, therefore, reflect the thickness of the irreversibly adsorbed asphaltenes on the solids. As recently discussed by Turgman-Cohen et al.,^[@ref39]^ we assume a refractive index of 1.9 for asphaltenes. Each data point is obtained after scanning three different spots on at least two samples. Thus, the value reported is the average of a minimum of six measurements. The standard deviation is reported as the error bar.

The QCM measurements ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) show a monotonic increase of the adsorbed mass *m* with the adsorption time *t* on all three functionalized substrates. The adsorbed mass reaches a final value between 100 and 1000 ng/cm^2^. However, the measurements are significantly different on the three functionalizations. On the hydroxyl substrate (in blue), the mass exhibits a rapid initial increase followed by a level-off to steady-state kinetics after about 3 h (10,000 s). The same fast initial and slow steady-state kinetics are observed on the fluorinated substrate (in green), although the final adsorbed mass is less than half of that on the hydroxyl solid. The alkane substrate (in red) exhibits a markedly slower initial adsorption before reaching the plateau. This is consistent with the slow monolayer formation on the alkane substrate previously discussed.

![Quantification of adsorbed asphaltenes on three functionalized substrates. (a) QCM measurements of asphaltenes adsorbed on hydroxyl (blue circles), alkane (red squares), and fluorinated (green triangles) coatings. The adsorbed mass rapidly increases on hydroxyl and fluorinated solids, whereas the increase is delayed by a few thousands of seconds on the alkane substrate. (b) Ellipsometry measurements of asphaltenes adsorbed on hydroxyl (blue circles), alkane (red squares), and fluorinated (green triangles) coatings. The thickness of hydroxyl and fluorinated substrates seems to be similar, whereas the kinetics is slower on alkane chains. Moreover, the long-term thickness seems to be higher on alkane.](la0c00029_0003){#fig3}

The ellipsometry measurements, reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b on a semi-log scale, show similar but complementary results. On the hydroxyl (blue circles) and fluorinated substrates (green triangles), the thickness *h* of the asphaltene layer exhibits a very similar behavior. The thickness measured after 1 s is larger than 1 nm, which represents the order of magnitude of the expected size for a monolayer of asphaltenes as expected from the contact angle measurements from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. This validates the use of ellipsometry for quantification despite the relative patchiness of our asphaltene layers reported in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Then, the thickness increases by a factor of 5 between 1 and 10^4^ s. The alkane layer (red squares), like in the QCM results, displays slower initial kinetics. The asphaltene layer thickness is lower than 1 nm until *t* ≈ 1000 s, indicating slow monolayer formation. Then, after a few thousands of seconds, the kinetics speed up and, after 10^6^ s (about 2 weeks) in solution, the thickness of asphaltenes reaches a value of about 15 nm on the alkane substrate, whereas it remains of the order of 6 nm on the two other substrates.

Despite differences in measurements (mass *m* and thickness *h*) and in configurations (in situ measurement under flow conditions with the QCM and a posteriori on dried substrates by ellipsometry), both quantitative techniques are in good agreement with respect to the trends. Indeed, measurements obtained both by the QCM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) and ellipsometry ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) show two distinct kinetics depending on the functionalization. On both the hydroxyl and fluorinated substrates, the initial adsorption is rapid: after 1 s, a thickness of 1 nm of asphaltenes is measured by ellipsometry, whereas it remains lower than 1 nm for a few thousands of seconds on the alkane coating. Conversely, at a longer timescale, the steady-state kinetics is faster on alkane chains. However, there are key differences between the QCM and ellipsometry measurements in the ratio between the measured masses and thicknesses. Indeed, from the QCM measurements, the maximum mass is obtained on the hydroxyl substrate, whereas the maximum thickness is reached at a long timescale on the alkane substrate. This suggests a difference in the adsorbed layer density. In fact, from these measurements, we can estimate the relative density of the asphaltene layer on the hydroxyl substrate to be twice that on the other substrates (see [Supporting Information-2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf)). Thus, a key factor is the conformation adopted by the asphaltene molecule during adsorption. Indeed, asphaltene molecules exhibit two major interaction pathways: they can form polar interactions with the polar substituents and the polarizable polyaromatic core.^[@ref6]^ They can also participate in apolar interactions with the aliphatic side chains. Depending on which of these predominate, the geometrical conformation of the adsorbed molecules may vary.

Adsorption Mechanism {#sec3.4}
--------------------

We used atomic force spectroscopy to probe the molecular interactions between the asphaltene molecules and a functionalized surface. This technique uses a functionalized spherical probe at the tip of an AFM cantilever. The deflection of the cantilever is related to the force exerted on the probe by the substrate through the spring constant, *k*. This enables the measurement of interaction forces on the order of pico- to nano-newtons. Specifically, the process is shown schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The probe is brought close to the substrate until it jumps to contact under the action of local attractive forces. It is pressed on the surface until a user-defined trigger force, *F*~trig~, is reached and kept there for a tunable dwell time *t*~dw~. The probe is then retracted at constant speed until it detaches from the surface. The deflection measured just prior to detachment gives the adhesion force *F*~adh~ between the probe and the surface. A typical experiment consists of 210 measurements of the adhesion force on a grid of 14 by 15 points separated by 4 μm. The resulting force histogram is then converted into a probability density function of the force measured. When the force measured varied, we could not identify any topographical structures at the micrometer scale and attribute the variation in force to stochastic effects such as the orientation of the probe and the localized grains observed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The probe size and applied force were kept constant for all experiments unless otherwise stated to obtain comparable force measurements. However, the contact area between the probe and the surface depends on the applied force, bead radius, materials considered, and interfacial tension. To normalize the measurements, the adhesion strength σ is reported as the force measured per unit contact area as described by the DMT model.^[@ref40]^ The probes consisted of spherical polystyrene beads 5 μm in diameter coated with a gold layer attached at the end of triangular cantilevers of spring constant 1 \< *k* \< 3 nN/nm. They were functionalized with thiol chemistry with the same functional groups as the QCM and ellipsometry study (see [Supporting Information-2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00029/suppl_file/la0c00029_si_001.pdf)).

![Force adhesion spectroscopy---probing orientation and adhesion. (a) Principle of the adhesion force microscopy technique used. (b) Left: probability density function of the adhesion strength measured between an alkane-functionalized probe and asphaltenes adsorbed on a surface with hydroxyl, alkane, and fluoroalkane termination. Right: schematic of the measurement performed with the hypothesized orientation of the asphaltene molecules on hydroxyl and alkane substrates. (c) Left: probability density function of the adhesion strength measured between probes functionalized with hydroxyl, alkane, and fluoroalkane termination and a surface covered with asphaltenes adsorbed on a hydroxyl substrate after a dwell time of 5 s. Right: schematic of the measurement performed with functionalized beads on a layer of asphaltenes adsorbed on a hydroxyl substrate.](la0c00029_0004){#fig4}

To investigate the orientation of the adsorbed asphaltene molecules on a functionalized substrate, we measure the adhesion strength, σ, between an alkane-functionalized (C8) probe and a surface covered with asphaltenes adsorbed on the three functionalizations studied: hydroxyl, alkane, and fluoroalkane. The substrates were immersed for 48 h in a solution of 50 mg/L of asphaltenes in toluene and then rinsed with toluene to remove the loosely bound asphaltenes and dried with a nitrogen gun. The presence of asphaltenes on the surfaces was verified by measuring the advancing water contact angle which was 100 ± 4° on all substrates. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the resulting probability density of the adhesion force measured with *F*~trig~ = 10 nN and no dwell time. Two regimes were identified: the asphaltenes adsorbed on hydroxyl substrates exhibited a large spread of measured forces and two distinct peaks suggesting a bimodal adhesion mechanism. Conversely, asphaltenes adsorbed on alkane and fluoroalkane substrates exhibited a smaller mean adhesion strength with the alkane probe and a single-mode distribution. This indicates that the interactions between the asphaltenes and the alkane chains on the probe were of a different nature in these cases, suggesting a different orientation of the asphaltene molecules adsorbed on the substrate. Asphaltenes are expected to expose their aromatic core to polar interfaces, such as the hydroxyl wafer, as shown by Andrews et al.^[@ref41]^ at the water--air interface. Similarly, Abraham et al.^[@ref42]^ have shown that asphaltenes can re-orient themselves after adsorbing on a solid surface when exposed to polar media (e.g., water). The difference in behavior of the adhesion strength measured in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b is a hallmark of different orientations for asphaltenes adsorbed on alkane and fluorinated substrates. These results are consistent with the hypothesis that asphaltenes adsorb face-on on hydroxyl substrates to maximize the polar--polar interactions between the substituents in the aromatic center and the hydroxyl groups, as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b (right schematic). Conversely, on very apolar substrates such as alkane and fluoroalkane coatings, the side chains of the asphaltenes can intercalate in the brush formed by alkane (or fluoroalkane) functionalization leading to a side-on adsorption mode.

The different modes of adsorption of the asphaltenes on the substrate also suggest a difference in the packing density because of the planar shape of asphaltene molecules. The molecules adsorbed on a hydroxyl substrate should indeed lead to a higher packing density than the orthogonal geometry suggested for the other substrates. This explains the discrepancy observed between the QCM and ellipsometry measurements where the mass of asphaltenes adsorbed on the hydroxyl substrate appeared disproportionately large compared to the thickness measured.

However, despite apparently similar orientations, differences persist between the fluorinated and alkane substrates in the long-term adsorption trends. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b, asphaltenes seem to adsorb less on fluorinated substrates. To explain the remaining difference between alkane and fluoroalkane substrates in the steady-state adsorption kinetics observed on the QCM and ellipsometry, the adhesion strength, σ, between a functionalized probe and a layer of asphaltenes adsorbed on a hydroxyl substrate was measured. The probes were functionalized with a hydroxyl-terminated mercaptoethanol, an octanethiol, and a perfluorodecylthiol to mimic the functionalizations used for the QCM and ellipsometry studies. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c (left panel) shows the probability density function of the adhesion strength, σ, measured at equilibrium, after a dwell time of 5 s on the surface. The adhesion strength of the fluoroalkane-functionalized probe with the asphaltene-coated surface is significantly lower than that for the other two functionalizations. This suggests a different adsorption mechanism and, possibly, a reversible adsorption mode on the fluoroalkane substrate consistent with the fast mass and thickness buildup despite the low adhesion. Moreover, this possible desorption could explain the partial wetting experienced by toluene and heptane on the fluorinated substrate after a long time of adsorption (*t* \> 10,000 s in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). On fluoroalkane, the low adhesion with asphaltenes could induce a permanent transient state where asphaltene molecules are released and spots on the substrate remain uncovered. Conversely, the adhesion force between the alkane- and hydroxyl-functionalized probes and the asphaltene layer was significantly larger, indicating high adhesion energy and suggesting an irreversible adsorption mechanism.

Conclusions {#sec4}
===========

These insights show that although asphaltene adsorption is prevalent on all types of surfaces, the mechanism and kinetics strongly depend on the substrate and the type of interactions it can have with asphaltenes. This suggests the possibility of tailoring the surface functionalization to the application. In particular, we showed that the polar interactions of the substituents and polyaromatic core with hydroxyl-terminated surfaces lead to a higher packing density than the other substrates. Separately, the alkane-functionalized surface displays a significant delay in adsorption kinetics, on the order of 1000 s, which would make it suitable for protecting analytical devices, such as temperature or pressure probes, to prevent asphaltene contamination during testing of the oil. Finally, while fluorinated surfaces exhibit fast monolayer formation, they also show low binding energy which could enable easier removal using shear induced by liquid flow.
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